Introduction
============

Renal ischemia reperfusion injury (RIRI) refers to the injury caused by the restoration of blood supply and reperfusion of the kidney after a period of ischemia due to various causes, such as reduced blood flow to the kidney from renal artery disease, systemic hypotension or maldistribution of blood flow ([@b1-mmr-22-04-2655],[@b2-mmr-22-04-2655]). The pathological mechanism of RIRI is complex, which includes generation of reactive oxygen species, apoptosis, hypoxia and inflammation ([@b3-mmr-22-04-2655]), has not been fully elucidated. At present, the innate immune pattern recognition receptor NACHT LRR and PYD domains-containing protein (NLRP3) inflammasome is a research hotspot ([@b4-mmr-22-04-2655],[@b5-mmr-22-04-2655]). NLRP3 is an important member of the NOD-like receptor (NLR) family. When cells are stimulated by external stimuli such as infection, NLRP3 inflammasomes are formed, which are composed of NLRP3, apoptosis-associated speck-like protein containing a caspase recruitment domain (ASC) and pro-caspase 1. Meanwhile, NLRP3 inflammasomes activate pro-caspase 1 to form caspase 1, which further cleaves pro-interleukin (IL)-18 and pro-IL-1β into the important bioactive inflammatory factors IL-18 and IL-1β; these then participate in inflammatory process *in vivo* ([@b6-mmr-22-04-2655],[@b7-mmr-22-04-2655]). A study by Mezzaroma *et al* ([@b8-mmr-22-04-2655]) suggested that NLRP3 may be the initial receptor in myocardial I/R injury. Sandanger *et al* ([@b9-mmr-22-04-2655]) further verified that NLRP3 is the initial receptor activated by the inflammasome, which may be an important factor in the occurrence of the ischemia-reperfusion (I/R) stage after myocardial infarction.

NLRP3 was also reported to be involved in kidney injury, including renal I/R injury. It was demonstrated that NLRP3/E3 ubiquitin-protein ligase XIAP signaling aggravated renal fibrotic injury, and also NLRP3 inflammasome activation negatively regulated podocyte autophagy in diabetic nephropathy ([@b10-mmr-22-04-2655],[@b11-mmr-22-04-2655]). Additionally, a humanized IL-6 receptor (IL-6R) antibody could reduce the activation of NLRP3 inflammasome in diabetic nephropathy, partly via suppressing IL-17A, which could be suppressed by neutralization of IL-17C in renal I/R ([@b12-mmr-22-04-2655],[@b13-mmr-22-04-2655]). NLRP3 knockout could protect against ischemic acute kidney injury ([@b14-mmr-22-04-2655]). Therefore, the present study focused on NLRP3 inflammasome.

Hypoxia serves a crucial role in the development of RIRI ([@b15-mmr-22-04-2655]). Hypoxia inducible factor (HIF), which belongs to a transcription factor family, is involved in the response to hypoxia and is sensitive to alterations in oxygen availability. HIF-1 is associated with the acute response and is involved in the transactivation of a variety of genes in cellular life activity ([@b16-mmr-22-04-2655]). In addition, kidney injury molecule-1 (KIM-1) is a specific marker of renal acute injury ([@b17-mmr-22-04-2655]); therefore, KIM-1 was examined to assess the renal injury in the present study.

Tetramethylpyrazine (TMP) is a bioactive alkaloid extracted from the traditional Chinese medicine chuanxiong. TMP was originally identified to treat cardiovascular and cerebrovascular diseases ([@b18-mmr-22-04-2655]). TMP is a calcium antagonist with various pharmacological effects. For example, TMP improves microcirculation and displays antioxidation and antifibrosis effects ([@b19-mmr-22-04-2655],[@b20-mmr-22-04-2655]). At present, it has been widely used in the treatment of acute and chronic renal failure, diabetic nephropathy ([@b21-mmr-22-04-2655]) and kidney cancer ([@b22-mmr-22-04-2655]). However, the mechanism by which TMP alleviates RIPI is still unclear.

Since the pathogenic mechanism of RIPI is related to inflammation, we hypothesized that the effect of TMP in reducing RIPI is related to its anti-inflammatory effect. In the present study, the effect of TMP on the NLRP3 inflammatory corpuscle in rat kidneys was studied using a renal I/R model.

Materials and methods
=====================

### Animal groups

A total of 27 male Sprague-Dawley rats (age, 8 weeks; weight, 200--220 g) were purchased from the Animal Experiment Center of Shandong University (China). The rats were randomly divided into the following groups (n=9 per group): i) Sham group; ii) kidney I/R injury group (I/R group); and iii) kidney I/R injury with TMP treatment group (I/R+TMP group). Rats were kept in a clean and well-ventilated environment at a constant room temperature of 20--25°C, a humidity of 40--70%, with free access to food and water and a 12-h circadian rhythm. TMP hydrochloride for injection was purchased from Shijiazhuang Yiling Pharmaceutical Co., Ltd. This study was approved by the Animal Ethics Committee of Binzhou Medical University (China).

### Establishment of RIPI model in rats

Rats were fasted for 12 h before surgery, but had free access to drinking water. According to the body weights of the rats, 3% pentobarbital sodium (50 mg/kg body weight) was intraperitoneally injected for anesthesia. The hair was removed from the backs of the animals, and the skin was disinfected using tincture of iodine. The skin was cut 0.5 cm along the spine and 0.5 cm at the lower edge of the ribs, and the muscles were separated layer by layer. Carefully, the renal arteries of both kidneys were separated, and the bilateral renal arteries were quickly closed with artery clips. After 45 min of ischemia, the artery clip was released, blood flow was restored, the wound was sutured, and antibiotics and a certain amount of saline (30 µl/g body weight) were given. After 24 h of reperfusion, the anesthetized rats were given a PBS cardiac perfusion, and kidney tissues were taken for the follow-up experiments. In the Sham group, the renal artery was isolated and no ischemic treatment was performed. All other procedures were the same. In the I/R+TMP group, TMP hydrochloride was given immediately after reperfusion (40 mg/kg, 6-h interval) by intraperitoneal injection ([@b23-mmr-22-04-2655]). At 24 h after the PBS cardiac perfusion, kidney tissues were taken; some tissues were stored at −80°C for protein and reverse transcription-quantitative (RT-q) PCR detection, while some tissues were fixed with 4% paraformaldehyde at 4°C for 24 h, embedded in paraffin, and sliced for morphological detection.

### Cell culture

Rat proximal tubule epithelial cells (NRK cells; BD Biosciences) were adjusted to 1×10^5^ and cultured in RPMI-1640 medium (HyClone; Cytiva) containing 10% FBS (HyClone; Cytiva), with the addition of 100 U/ml penicillin-streptomycin, and placed at 37°C in a 5% CO~2~ incubator.

### Renal function test

Before cardiac perfusion, 0.5--1 ml of blood was extracted from the heart, and after standing for 30 min, the serum was separated by centrifugation at 3,000 × g for 10 min at 4°C. The blood urea nitrogen and serum creatinine were detected using urea assay kits (cat. no. C013-1-1) and creatinine assay kits (cat. no. C011-1-1), in accordance with the manufacturer\'s instructions (Nanjing Jiancheng Bioengineering Institute Co., Ltd.).

### Periodic acid-Schiff (PAS) staining

Paraffin-embedded sections (4-µm thick) were dewaxed at 60°C for 2 h, washed with xylene at room temperature and dehydrated in a descending alcohol series (100, 90, 80 and 75%). The sections were washed three times with PBS at room temperature. Periodate (1%) was added for oxidation for 10 min at room temperature. The sections were counterstained with Harris hematoxylin for 5 min after immersion in Schiff\'s solution for 15 min. The slides were rinsed and ammonia was added until a blue color was achieved. All staining steps were performed at room temperature, and cells were rinsed with tap water after each step for 5 min. The slides were further washed in distilled water, dehydrated, cleared, mounted in resin and observed using a Leica DM 6000 B light microscope (Leica Microsystems GmbH).

### Renal tubular injury score criteria

The renal tubules were observed under magnification ×200. The following scoring criteria were used: i) 0, no damage; ii) 1, 0--10%; iii) 2, 11--25%; iv) 3, 26--45%; v) 4, 46--75%; vi) and 5, \>75%.

### Detection of cytokines and KIM-1

Sample diluent (100 µl) and rat serum (100 µl) was added to the wells and incubated at 37°C for 2 h. Subsequently, the liquid was discarded and the plate dried. Biotin-labeled antibody working fluid (100 µl; 1X antibody) was added to each well and incubated at 37°C for 1 h. This was discarded and the plate was washed with 0.01 M PBS three times. Avidin-Biotin-Peroxidase Complex working solution (100 µl; 1X solution) was added to each well and the plate was incubated at room temperature for 1 h. This was discarded and the plate was shaken dry. TMB color developing agent (90 µl) was added to each well, incubated at 37°C in the dark for 30 min and then 50 µl termination solution was added. The optical density value was measured using a SpectraMax^®^ microplate reader (Molecular Devices, LLC) at 450 nm. All the reagents were from the following ELISA kits: Tumor necrosis factor (TNF)-α (cat. no. RTA00: R&D Systems, Inc.), IL-6 (cat. no. R6000B; R&D Systems, Inc.) and KIM-1 (cat. no. ab119597; Abcam).

### TUNEL-DAPI double staining

According to the instructions of the TUNEL kit (Roche Diagnostics). The 4 µm thick paraffin sections were dewaxed in the oven at 60°C for 2 h, washed with xylene at room temperature, dehydrated in a descending alcohol series (100, 90, 80 and 75%) and washed three times with PBS at room temperature. Cell permeability solution was added for 8 min, and 500 µl TUNEL reaction mixture was added (50 µl TdT and 450 µl fluorescein-labeled dUTP) at 37°C for 1 h in the dark box. After DAPI staining (10 µg/ml; at room temperature for 5 min), the cells were sealed. Under fluorescence microscopy, 10 high-power microscope fields were randomly selected from each glass slide to count the number of apoptotic cells and calculate the apoptosis rate using the following formula: Apoptosis rate/%=(number of positive cells/total number of cells) ×100%.

### Western blot analysis of NLRP3 expression

Kidney tissues were extracted, and RIPA (1% PMSF) tissue lysate (Beyotime Institute of Biotechnology) was added and the samples were homogenized with a tissue grinder to extract the total protein. A BCA protein concentration kit was used to measure the total protein concentration. Equal amounts of protein extract (40 µg) were loaded per lane and separated via 8--12% SDS-PAGE followed by membrane transfer to polyvinylidene fluoride membranes (EMD Millipore) and blocking in 5% skimmed milk powder for 15 min at room temperature. The primary antibody was added and incubated overnight in a 4°C refrigerator with agitation. After washing with 1X TBST (0.1% Tween-20; cat. no. ST671; Beyotime Institute of Biotechnology), the membrane was incubated with the secondary antibody at room temperature for 2 h. Protein bands were visualized using an ECL kit (Sparkjade Science Co., Ltd.). β-actin was used as an internal reference. ImageJ software (version 1.8.0; National Institutes of Health) was used to quantify the western blot bands. Primary antibodies against NLRP3 (1:1,000; cat. no. ab214185; Abcam), HIF1-α (1:1,000; cat. no. 14179; Cell Signaling Technology, Inc.), cleaved caspase-3 (1:1,000; cat. no. ab49822; Abcam) and β-actin (1:5,000; cat. no. 60008-1-Ig; ProteinTech Group, Inc.) were used in the present study. The secondary antibodies included horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG (1:3,000; cat. no. SA00001-1; ProteinTech Group, Inc.) and HRP-conjugated goat anti-rabbit IgG (1:3,000; cat. no. SA00001-2; ProteinTech Group, Inc.).

### RT-qPCR

Renal tissue (50 mg) was taken, RNA was extracted using TRIzol^®^ (Tiangen Biotech Co., Ltd.). cDNA was obtained through reverse transcription of 500 ng RNA using a reverse transcription kit (Tiangen Biotech Co., Ltd.) at 70°C for 5 min, 37°C for 5 min, 42°C for 60 min, 70°C for 10 min. The RT-qPCR reaction was performed by taking 5 µl cDNA (1:5 diluted cDNA solution) and reacting it in MicroAmp™ Fast Optical 96-well reaction plates (Applied Biosystems; Thermo Fisher Scientific, Inc.), with SYBR^®^ Premix Ex Taq™ (Takara Bio Inc.). The thermocycling conditions were: 94°C for 5 min, 95°C for 30 sec; then, 40 cycles at 59°C for 30 sec, 72°C for 30 sec and 72°C for 10 min; and a final extension at 65--95°C for 15 min. The results were analyzed using RQ Manager for SDS 2.3 with GenEx 7.0 (MultiD Analyses AB). The following primers were used: NLRP3, forward: 5′-GGAGTGGATAGGTTTGCTGG-3′ and reverse: 5′-GGTGTAGGGTCTGTTGAGGT-3′; housekeeping gene GAPDH, forward: 5′-TGCATCCTGCACCACCAACTGC-3′ and reverse: 5′-ACAGCCTTGGCAGCACCAGTGG-3′. The 2^−∆∆Cq^ method was used to calculate the relative mRNA expression ([@b24-mmr-22-04-2655]).

### Immunohistochemical staining

Paraffin-embedded sections (4-µm thick) were dewaxed and rehydrated using the GTVision™ III anti-rat/rabbit universal immunohistochemical detection kit (cat. no. GK500710; Gene Tech Co., Ltd.) according to the manufacturer\'s protocol. Antigen retrieval was performed in 0.01 M citrate buffer at 100°C for 6 min. Following cooling, the sections were washed three times in 0.01 M PBS for 5 min each. Subsequently, the sections were incubated with 3% H~2~O~2~ at room temperature for 10 min. The sections were incubated with a primary polyclonal antibody targeted against NLRP3 (cat. no. ab214185, 1:200; Abcam) at 4°C overnight, and then with a secondary horseradish peroxidase-conjugated goat anti-rabbit IgG antibody for 30 min at room temperature, according to the rabbit polymer detection system (cat. no. PV-6001; OriGene Technologies, Inc.). The sections were stained with DAB reagent (1X) for 3 min at room temperature, counterstained with hematoxylin for 3 min at room temperature and washed by tap water. Stained sections were observed using a Leica DM 6000 B light microscope (Leica Microsystems GmbH). Brown staining indicated a positive reaction. ImageJ software (version 1.8.0; National Institutes of Health) was used for analysis.

### Establishment of the oxygen and glucose deprivation (OGD) model

The OGD model was constructed by replacing RPMI 1640 medium with Earle\'s balanced salt solution (EBSS; HyClone; Cytiva) with 95% N~2~ and 5% CO~2~. NRK cells (5×10^5^) were cultured in the hypoxic incubator at 37°C for 6 h, after which hypoxia was terminated and RPMI 1640 medium with 10% FBS was added for 18 h for follow-up experiments.

### CCK-8 assay

The cell density of NRK cells in the logarithmic growth phase was adjusted to 1×10^5^. Cell suspension (100 µl per well) was inoculated in 96-well plates, and the CCK-8 reagents (Beyotime Institute of Biotechnology) were added according to the manufacturer\'s protocols. Each group was set up with three duplicate wells and cultured at 37°C for 4 h. Then, the absorbance was measured at 450 nm using the Infinite M200 PRO (Tecan Group, Ltd.).

### Statistical analysis

Data are presented as the mean ± standard error of the mean. The significance of the differences in mean values among groups was examined by one-way ANOVA followed by Duncan\'s multiple range tests. SPSS 20.0 (IBM, Corp.) and GraphPad Prism 6 software (GraphPad Software, Inc.) were used for statistical analyses. P\<0.05 was considered to indicate a statistically significant difference. All the experiments were performed in triplicate.

Results
=======

### TMP alleviates renal tubular pathological injury and improves renal function in rats with renal I/R

PAS staining showed complete glomerular and renal tubules in the sham operation group, with no obstruction in the lumen and no obvious morphological abnormalities, while in the I/R group the renal tubules showed extensive necrosis of epithelial cells, obvious brush border membrane fraction and vacuolar tubules. In the I/R+TMP group, the necrosis of renal tubular epithelial cells was reduced, and the course of disease had slowed down. A small number of exfoliated cells could be seen at the brush borders of renal tubules, and some hollow vacuoles were observed in the renal tubules ([Fig. 1A](#f1-mmr-22-04-2655){ref-type="fig"}). Double-blind analysis of tubular injury by pathologists revealed a significant decrease in tubular injury scores in TMP-treated rats after renal I/R (P\<0.05; [Fig. 1B](#f1-mmr-22-04-2655){ref-type="fig"}).

The level of KIM-1 was detected using an ELISA assay, compared with in the Sham group the level of KIM-1 was significantly increased in the I/R group and elevated KIM-1 was significantly reduced in the I/R+TMP group (P\<0.05; [Fig. 1C](#f1-mmr-22-04-2655){ref-type="fig"}). The serum creatinine and blood urea nitrogen test results showed that, compared with the Sham group, serum creatinine and urea nitrogen in the I/R group and I/R+TMP group were both increased (P\<0.05), indicating that renal function was impaired by renal I/R. Compared with the I/R group, serum creatinine and blood urea nitrogen in the I/R+TMP group were significantly decreased (P\<0.05; [Fig. 1D and E](#f1-mmr-22-04-2655){ref-type="fig"}), suggesting that TMP may reduce renal functional injury.

The ELISA assay results for the inflammatory cytokines TNF-α and IL-6 showed that, compared with the Sham group, the levels of TNF-α and IL-6 in the I/R and I/R+TMP groups were increased (P\<0.05), and significantly decreased in the I/R+TMP group compared with the I/R group (P\<0.05; [Fig. 1F and G](#f1-mmr-22-04-2655){ref-type="fig"}), indicating that TMP can reduce the production of inflammatory cytokines.

### TMP reduces renal tubular apoptosis in rats with renal I/R

After TUNEL-DAPI staining, it was found that compared with the Sham group, the amount of renal tubular cell apoptosis in the I/R and I/R+TMP groups was significantly increased. Compared with the I/R group, the amount of renal tubular cell apoptosis in the I/R+TMP group was significantly reduced after TMP treatment (P\<0.05; [Fig. 2A and B](#f2-mmr-22-04-2655){ref-type="fig"}).

Meanwhile, the expression level of the apoptotic protein caspase 3 in rat kidney tissues was detected. The expression of caspase 3 was significantly increased in the I/R and I/R+TMP groups. However, compared with the I/R group, the protein expression of caspase 3 in the I/R+TMP group was significantly reduced after TMP treatment (P\<0.05; [Fig. 2C](#f2-mmr-22-04-2655){ref-type="fig"}).

### TMP reduces the expression of NLRP3 in renal tissues of renal I/R rats

Western blot analysis of NLRP3 expression in the kidney tissues of rats in each group showed that compared with the Sham group, NLRP3 protein expression in the I/R and I/R+TMP groups significantly increased. NLRP3 protein expression significantly decreased in the I/R+TMP group compared with in the I/R group (P\<0.05; [Fig. 3A](#f3-mmr-22-04-2655){ref-type="fig"}).

According to RT-qPCR, the expression of NLRP3 mRNA in rat kidney tissues increased. Compared with the Sham group, the expression of NLRP3 mRNA in the I/R and I/R+TMP groups increased. NLRP3 mRNA expression was reduced in the I/R+TMP group compared with that in the I/R group (P\<0.05; [Fig. 3B](#f3-mmr-22-04-2655){ref-type="fig"}). The PCR results were consistent with the western blot analysis measuring protein expression.

After immunohistochemical staining, it was found that compared with the Sham group, the positive expression of NLRP3 in renal tissues from the I/R and I/R+TMP groups significantly increased. Besides renal tubules, NLRP3 was positively expressed in infiltrating inflammatory cells in the renal interstitium in the I/R group and the number of infiltrated inflammatory cells was increased, which was markedly decreased in the I/R+TMP group. Compared with the I/R group, the positive rate of NLRP3 expression in renal tissues of the I/R+TMP group was notably reduced ([Fig. 3C](#f3-mmr-22-04-2655){ref-type="fig"}). The immunohistochemical results showed that TMP could not only reduce the expression of NLRP3 in renal tubules, but also mitigate renal tissue damage by reducing the infiltration of inflammatory cells.

### TMP may suppress NLRP3 expression induced by hypoxia and improve cell viability in rat NRK-52E cells

The response to hypoxia at the cellular level relies on the activity of the transcription factor family, HIF. Therefore, the effect of TMP on HIF-1α was assessed under hypoxia. HIF-1α was significantly increased after treatment with OGD, and significantly reduced after treatment with TMP (P\<0.05; [Fig. 4A](#f4-mmr-22-04-2655){ref-type="fig"}). The level of NLRP3 expression was significantly increased after OGD, and reduced after treatment with TMP, which was consistent with the changes in HIF-1α expression (P\<0.05; [Fig. 4B](#f4-mmr-22-04-2655){ref-type="fig"}). At the same time, cell viability was significantly decreased after OGD treatment, and significantly increased after TMP treatment (P\<0.05; [Fig. 4C](#f4-mmr-22-04-2655){ref-type="fig"}).

Discussion
==========

TMP can improve microcirculation, prevent platelet aggregation and activate blood circulation ([@b25-mmr-22-04-2655]). Studies have reported that TMP has a cardioprotective effect in myocardial I/R injury, mainly through antioxidant, anti-inflammatory and antiapoptotic activities, and improves coronary blood flow and myocardial metabolism by enhancing the expression of NO via upregulating the expression of NOS ([@b26-mmr-22-04-2655]). However, the mechanism by which TMP alleviates RIPI is still unclear. The main pathological mechanisms of kidney I/R involves free radicals, intracellular calcium overload ([@b27-mmr-22-04-2655]), inflammatory reactions and apoptosis ([@b28-mmr-22-04-2655]). Therefore, the present study focused on the effect of TMP on the NLRP3 inflammasome and apoptosis.

Previous studies have demonstrated that inflammation is involved in the process of I/R-induced kidney damage. Chen *et al* ([@b29-mmr-22-04-2655]) found that TMP can inhibit liver inflammation by reducing the production of TNF-α and IL-6, reactive oxygen species (ROS) generation and the activation of NF-κB. Bai *et al* ([@b30-mmr-22-04-2655]) reported that TMP inhibits inflammatory cell activation and the production of proinflammatory cytokines, and has been shown to alleviate cerebral ischemia injury. Consistent with previous findings, the present study found that after treatment with TMP, the renal tubular injury scores of renal I/R rats were significantly reduced ([Fig. 1A and B](#f1-mmr-22-04-2655){ref-type="fig"}), and KIM-1 was also significantly decreased ([Fig. 1C](#f1-mmr-22-04-2655){ref-type="fig"}). The expression levels of inflammatory factors were decreased ([Fig. 1F and G](#f1-mmr-22-04-2655){ref-type="fig"}), suggesting that TMP can significantly reduce the inflammatory injury caused by renal I/R.

Apoptosis plays an important role in RIPI. A number of studies have demonstrated that TMP can reduce cell apoptosis. Feng *et al* ([@b31-mmr-22-04-2655]) found that TMP could alleviate RIPI by inhibiting apoptosis. Qing *et al* ([@b32-mmr-22-04-2655]) reported that TMP can participate in the Akt/transcription factor Nrf2 signaling pathway to promote angiogenesis and reduce apoptosis to improve multiterritory perforator flap survival in reconstructive surgery. The present results showed that after treatment with TMP, renal tissue apoptosis significantly decreased; and the expression levels of apoptosis-related proteins were also reduced. These results indicated that TMP could inhibit apoptosis ([Fig. 2A and C](#f2-mmr-22-04-2655){ref-type="fig"}).

Numerous studies have reported that TMP can inhibit the inflammatory response. The inflammatory response is a complex process, and there are a number of factors that cause inflammation. Therefore, the current study focused on the relationship between TMP and NLRP3 inflammasome. Previous studies have demonstrated that NLRP3 is associated with cardiovascular and cerebrovascular diseases, acute lung injury, hepatitis cirrhosis and kidney injury. Zhang *et al* ([@b33-mmr-22-04-2655]) reported that lipopolysaccharide (LPS) effectively activates the NLRP3 inflammasome/caspase 1 pathway, causing liver cells to produce the inflammatory cytokine IL-1β. However, TMP blocks the LPS-activated NLRP3 inflammasome signaling pathway, which is achieved by inhibiting toll-like receptor (TLR)4 and thereby reducing the production of hepatocyte IL-1β. Wu *et al* ([@b34-mmr-22-04-2655]) suggested that TMP may target liver stem cells via the platelet derived growth factor-β receptor/NLRP3/caspase-1 pathway to reduce the inflammatory response in liver fibrosis. The present study also demonstrated that TMP could inhibit the NLRP3 inflammasome during renal I/R, at both the gene and protein levels, as verified *in vivo* and *in vitro*.

The response to hypoxia at the cellular level relies on the activity of the HIF transcription factor family ([@b16-mmr-22-04-2655]). Huang *et al* ([@b35-mmr-22-04-2655]) reported that when myocardial I/R occurs, the expression of HIF-1α is the initiating factor of the body\'s endogenous protective mechanism, which can promote the course of myocardial I/R. HIF-1α plays a primary role in the body\'s inflammatory response, which includes inflammatory cell activation in various pathological conditions ([@b16-mmr-22-04-2655]). In an HIF-1α-dependent manner, the TLR7/8-mediated inflammatory reaction results in activation of the NLRP3 inflammasome via activation of xanthine oxidase, which produces uric acid and ROS ([@b36-mmr-22-04-2655]). NLRP3 inflammasome activity could be sustained via the cyclic AMP (cAMP)/protein kinase A/cAMP response element/HIF-1α pathway as a result of adenosine activity ([@b37-mmr-22-04-2655]). Under pathological conditions of venous thrombosis, the expression of NLRP3 is regulated by HIF-1α ([@b38-mmr-22-04-2655]). A novel HIF-1α-induced eotaxin pathway identifies an unknown connection between hypoxia and the regulation of the severity of inflammation regulated by TLR4 in asthma ([@b39-mmr-22-04-2655]). Hypoxia and elevated HIF-1α promotes inflammatory signals, including NLRP3/inflammasome/caspase-1 activation in fat-laden hepatocytes ([@b40-mmr-22-04-2655]). In the present study, the effect of TMP on HIF-1α was examined under hypoxia. It was also demonstrated that HIF-1α expression increased in NRK cells treated with OGD, while the levels of HIF-1α were significantly reduced after treatment with TMP. This is consistent with the changes in NLRP3 expression. Therefore, it is suggested that TMP can reduce NLPR3 by reducing HIF-1α expression.

At present, there are no effective drug treatments and renal replacement therapy is used to prolong the survival of patients with renal I/R nephropathy. Some drugs have been reported to have action in only animal models of renal I/R. Hydroxychloroquine attenuated renal injury via downregulation of cathepsin (CTS) B and CTSL-mediated NLRP3 inflammasome activation ([@b41-mmr-22-04-2655]). Isoquercitrin has been demonstrated to attenuate RIRI through its antioxidative, anti-inflammatory and antiapoptotic effects to preserve renal function ([@b42-mmr-22-04-2655]). In addition, recent studies indicated that cordycepin was effective for renal I/R ([@b43-mmr-22-04-2655]). These drugs, including TMP, have been shown to regulate inflammation, apoptosis and oxidative stress. However, no study has compared their efficacy in the treatment of I/R in an animal model. At present, an ongoing study in our research group is investigating the efficacy of TMP compared with erythropoietin. ROS are involved in the activation of NLRP3 inflammation ([@b44-mmr-22-04-2655]). In the present study, the effect of TMP on ROS was not investigated, and only the alterations to NLRP3 expression levels were shown rather than the activation of the NLRP3 inflammasome in *in vivo* experiments. We will further explore the specific mechanism of TMP in the reduction of hypoxia-induced elevation of NLRP3 *in vitro* and investigate the relationship between NLRP3 and HIF-1α in order to understand the interaction between hypoxic injury and innate immune response.

In conclusion, the present study demonstrated that TMP can reduce protein expression of NLRP3 in renal tissue and renal tubular cell apoptosis, improve renal tubule pathological injury, improve kidney serum creatinine and blood urea nitrogen levels, and improve renal function to relieve RIPI. This study represents a novel idea, broadening the uses of traditional Chinese medicines. With increased understanding of the mechanism of action of TMP, it is hoped that it may be applied to the treatment of a wide range of kidney diseases.
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![TMP alleviates renal tubular pathological injury and improves renal function in rats with renal I/R. (A) Photomicrographs of periodic acid-Schiff staining showing typical renal tubular injury in Sham, I/R and I/R+TMP rats, red boxes highlight the corresponding areas of the high-power images. (B) Summarized data showing the renal tubular injury score in each group. (C) The ELISA results showing the level of KIM-1 in each group. (D and E) SCr and BUN levels in each group were measured by a biochemical analyzer. (F and G) The ELISA results showing the levels of the inflammatory cytokines TNF-α and IL-6 in each group. \*P\<0.05 vs. Sham rats; ^\#^P\<0.05 vs. I/R rats. I/R, ischemia-reperfusion; TMP, tetramethylpyrazine; KIM-1, kidney injury molecule 1; TNF-α, tumor necrosis factor-α; IL-, interleukin; SCr, serum creatinine; BUN, blood urea nitrogen.](MMR-22-04-2655-g00){#f1-mmr-22-04-2655}

![TMP improves renal function in renal I/R rats. (A) TUNEL-DAPI staining showing apoptosis in Sham, I/R and I/R+TMP rats. (B) Statistical results of TUNEL-DAPI-stained positive cells. (C) Representative western blotting image and summarized data showing the change in the expression of cleaved caspase-3 in each group of rats. \*P\<0.05 vs. Sham rats; ^\#^P\<0.05 vs. I/R rats. I/R, ischemia-reperfusion; TMP, tetramethylpyrazine; HPF, high-power field.](MMR-22-04-2655-g01){#f2-mmr-22-04-2655}

![TMP reduces the expression of NLRP3 in renal tissues from renal I/R rats. (A) Representative western blotting image and summarized data showing the expression of NLRP3 in the kidney tissues of rats in the Sham, I/R and I/R+TMP groups. (B) Reverse transcription-quantitative PCR was used to detect NLRP3 mRNA expression in the kidney tissues of rats in each group. (C) Immunohistochemical staining showing the expression of NLRP3 in renal tissues in each group. The red arrows indicate the positive expression of NLRP3 in infiltrating inflammatory cells. Red boxes highlight the corresponding area of the high-power images. \*P\<0.05 vs. Sham rats; ^\#^P\<0.05 vs. I/R rats. I/R, ischemia-reperfusion; TMP, tetramethylpyrazine; NLRP3, NACHT, LRR and PYD domains-containing protein.](MMR-22-04-2655-g02){#f3-mmr-22-04-2655}

![TMP can reverse the damage of OGD in NRK cells, reduce the expression levels of HIF-1α and NLRP3 and increase cell viability. (A and B) Representative western blotting image and summarized data showing the expression of HIF-1α and NLRP3 with and without treatment with TMP. (C) CCK-8 was used to detect the viability of NRK cells treated with OGD and TMP. \*P\<0.05 vs. control group; ^\#^P\<0.05 vs. I/R rats. TMP, tetramethylpyrazine; NLRP3, NACHT, LRR and PYD domains-containing protein; OGD, oxygen and glucose deprivation; HIF-1α, hypoxia-inducible factor 1-α](MMR-22-04-2655-g03){#f4-mmr-22-04-2655}
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